Liver is the main organ for lipopolysaccharide (LPS) clearance. Sensitization to LPS is associated with the upregulation of LPS-binding protein (LBP) in animal models. Therefore, we hypothesized that LBP could induce LPS sensitization through enhancing hepatic uptake of LPS. In this study, we examined the role of LBP in pathogenesis of LPS induced systemic inflammatory response syndrome (SIRS). LBP expression was upregulated after granulocyte colony stimulating (G-CSF) pretreatment. The effect of LBP was further confirmed by blockade of LBP using LBP blocking peptide -LBPK95A. After G-CSF pretreatment, upregulation of LBP was observed in bone marrow cells and liver. The G-CSF induced LBP upregulation caused LPS hypersensitization in rats as indicated by higher mortality and severer liver damage. Of note, LBP blockade increased the survival rate and attenuated the liver injury. The LBP induced LPS hypersensitization was associated with increased hepatic uptake of LPS and augmented hepatic expression of LPS receptors, such as toll-like receptor (TLR)-4. Furthermore, LBP mediated early neutrophil infiltration, which led to increased monocyte recruitment in liver after LPS administration. In conclusion, G-CSF induced LBP expression could serve as a new model for investigation of LPS sensitization. We demonstrated the crucial role of LBP upregulation in pathogenesis of LPS induced SIRS. 
Introduction
Sepsis is a major and growing health problem, which is frequently associated with increased blood levels of lipopolysaccharide (LPS) [1] . LPS is a constituent of the outer cell wall of gram-negative bacteria. LPS leads to a dose dependent inflammatory response of the organism, ultimately resulting in the systemic inflammatory response syndrome (SIRS), LPS shock and death of the organism. Therefore, LPS is considered to be the most important bacterial factor in the pathogenesis of SIRS and sepsis [2] .
Sensitization to LPS was observed in different animal models. Sensitization to LPS is characterized by an enhanced, even lethal inflammatory response subsequent to a moderate challenge with LPS. It was reported that hemorrhagic shock led to enhanced sensitivity to LPS [3] . Minter et al reported that common bile duct ligation (BDL) also induced LPS hypersensitization [4] . This phenomenon was observed as well after pretreatment with galactosamine [5] , propionibacterium parvum [6] , bacillus calmette-guerin [7] and CpG DNA [8] .
LPS-binding protein (LBP) is elevated after LPS treatment. LBP is a 55 kDa acute phase protein mainly produced by liver [9] . LBP is constitutively expressed at low levels and is upregulated during acute phase responses [10] . In vivo, LPS is firstly recognized by LBP, and then transferred to its receptor toll-like receptor (TLR) 4 and triggers an inflammatory response [11] . Because of the LPS binding activity, LBP is considered to play an important role in mediating the inflammatory response. Elevation of peripheral LBP levels is widely observed in clinical settings, and moderately correlated with the severity of disease [12, 13] . The inflammatory response to LPS can be reduced by interfering with the interaction of LPS and LBP. Experimental strategies include using LBPinhibitory peptides [14] , LBP-antibody [15] , or LBP knockout mice (LBP-KO) [16, 17] .
We recently observed that granulocyte colony-stimulating factor (G-SCF) pretreatment caused upregulation of LBP [18] . G-CSF is an interesting substance since it is known to upregulate innate immunity [19] , e.g. by promoting the proliferation of neutrophils and release into the peripheral blood. G-CSF was already used successfully to treat experimentally induced sepsis using the cecal ligation and puncture model in rats [20] . However, clinical trials where G-CSF was used therapeutically to treat ongoing severe sepsis or given as prophylactic treatment did not result in a clear benefit [21] .
Of note, in our previous study, LBP was upregulated after G-CSF pretreatment in vivo [18] . These data indicated that G-CSF might increase the expression of LBP, thereby playing an important role in modulating the inflammatory response. We hypothesized that G-CSF may cause sensitization to LPS via upregulation of LBP.
The mechanism underlying LBP-mediated LPS-sensitization is not well elucidated. Since LBP is an acute phase protein synthesized by liver, we hypothesized that the sensitization to LPS may result from an enhanced LPS-binding to the liver via upregulating hepatic LBP expression.
Materials and Methods

Experimental Design
The distribution of each experimental group was described in Table 1 . To confirm whether G-CSF could upregulate LBP expression, rats were pretreated with G-CSF (100 mg/kg/day, subcutaneous injection, ratiopharm, Breda, Netherland) for 5 days (G-CSF group). To investigate whether G-CSF could induce sensitization to LPS, rats were challenged with a sub-lethal LPS injection (2 mg/kg, intravenous injection, E. coli serotype O55:B05 type, Sigma-Aldrich, St. Louis, USA) only (LPS group) or 1 day after G-CSF treatment (G-CSF+LPS group). To further confirm the function of G-CSF induced LBP expression, LBP inhibitory peptide LBPK95A (5 mg/kg, RVQGRWKVRASFFK, synthesized in-house using an Fmoc standard procedure on an ABI 433A-peptide-Synthesizer), was injected intraperitoneally 2 h before LPS administration (G-CSF+LPS+LBPK95A group) [4] . Serum and hepatic LBP levels, mortality, hepatic injury, hepatic uptake of LPS, inflammatory response, neutrophil infiltration and monocyte recruitment was investigated.
To investigate whether G-CSF could enhance LPS binding to the liver, the kinetics of hepatic LPS uptake was observed 10 min, 30 min and 60 min after LPS administration (2 mg/kg, n = 3 per group) with or without G-CSF pretreatment and/or LBP blockade.
Animal Model
Male inbred Lewis rats (250-350 g, Charles River, Sulzfeld, Germany) were used in this study. All animals were housed under standard animal care conditions and had free access to water and rat chow ad libitum. All procedures were carried out according to the German Animal Welfare Legislation, and were performed under inhalation anesthesia with 1.5%-3.0% isoflurane (Sigma Delta, London, UK).
Isolation of Rat Bone Marrow Cells, Peripheral Macrophage and Peripheral Blood Mononuclear Cells (PBMC)
Bone marrow cells were harvested from femurs of rats by two times washings with 10 ml PBS (3 U/ml heparin). After lysis of red blood cells and 2 time washing (300 g63 min), the cells were resuspended in PBS and smears were prepared. The macrophage and PBMC was isolated as described previously [22] .
Liver Enzyme
Liver injury was investigated by measuring the serum level of aspartate transaminase (AST) using an Automated Chemical Analyzer (Bayer Advia 1650; Leverkusen, Germany).
Histological Staining
Liver tissue was fixed in 4.5% buffered formalin for at least 24 h. Paraffin embedding was performed, and sections (4 mm) were cut and stained with Hematoxylin-Eosin (HE). Slides were digitalized using a virtual slide scanner (Hamamatsu Electronic Press Co., Ltd, Lwata, Japan). Histological evaluation was performed according to a standardized semi-quantitative scoring system (Table 2, Figure S1 ).
LBP IHC Staining
Antigen retrieval and Nonspecific protein binding were performed as described above. Sections were incubated with monoclonal rat anti-LBP antibody (1:100, cell science, Canton, USA) for 1 h. Normal rat IgG (Sigma-Aldrich, St.Louis, USA) was used as a negative control. Detection was performed using bright vision rabbit-anti-mouse-AP (ImmunoLogic, Duiven, Netherlands) and employing fast-red (Abcam, Cambridge, UK) signal detecting system. Slides were digitalized as described above.
LPS IHC Staining
After deparaffinization and rehydration, antigen retrieval was performed using citrate buffer (10 mM Citric Acid, pH 6.0) for 20 min at 100uC. Nonspecific protein binding was blocked using 100 ml serum free blocking buffer (Dako, Glostrup, Denmark). Sections were incubated with polyclonal mouse anti-LPS antibody (1:100, Abcam, Cambridge, UK) for 15 min. Signals were amplified using CSA II biotin-free tyramide signal amplification system (Dako, Glostrup, Denmark). Sections were counterstained with Hematoxylin for 5 min and digitalized as described above. Table 2 . Parameters of semi-quantitative scoring system for histological evaluation. 
Naphthol-AS-D-chloroacetate Esterase (ASDCL) Staining
Neutrophil infiltration into liver tissue was evaluated by ASDCL staining as reported previously [23] . After staining, slides were visualized using the virtual slide scanner, and 5 high-power fields (HPF) pictures were randomly taken with magnification of 2006. ASDCL staining positive neutrophils were counted manually. The result was expressed as the number ASDCL positive neutrophils per HPF.
Electrophoresis and Western Blot (WB)
Fifteen mg of the total liver lysate protein or 3 ml serum were loaded per well and separated on 12% gels by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by western blotting and staining with rat anti-LBP antibody (1:100, Santa Cruz Biotechnology, Santa Cruz, USA), anti-macrophage cationic peptide (MCP) 1 antibody (1:2000, abcam, Cambridge, UK), antimacrophage inflammatory protein 1 alpha (MIP-1a) antibody upregulated in bone marrow cells after G-CSF pretreatment. Original magnification 6200. (C) LBP mRNA levels were increased significantly in bone marrow cells after G-CSF pretreatment (p,0.001). (D-F) Hepatic LBP mRNA, protein and serum LBP levels were measured using quantitative PCR and western blot. Both LBP mRNA and protein levels were upregulated significantly after G-CSF pretreatment. *p,0.05 vs. normal control. Data are shown as mean 6 SD, n = 6 per group. doi:10.1371/journal.pone.0056654.g001 Figure 2 . G-CSF induced LBP expression sensitized to LPS. (A) Pretreatment of G-CSF caused 100% mortality within 4-6 h after LPS injection in G-CSF+LPS group. Survival rate was significantly increased in rats after blockade of LBP using LBP blocking peptide -LBPK95A (p,0.001). (B) Serum AST levels were analyzed to assess hepatocellular injury 6 h after LPS injection. Blocking the elevated LBP prevented hepatic damage as indicated by lower serum AST levels. (C) Rats with G-CSF pretreatment and LPS injection showed severe histological damage such as sinusoid dilation, and erythrocyte congestion. Rats in G-CSF+LPS+LBPK95A group showed less damage and minimal histopathologic changes (HE staining). Representative images from 6 rats per group were selected. Original magnification 6200. *p,0.05, **p,0.01 Data are shown as mean 6 SD, kinetic experiment: n = 6 per group; survival experiment: n = 10 per group. doi:10.1371/journal.pone.0056654.g002
(1:400, abcam, Cambridge, UK) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (1:20000, Sigma-Aldrich, St. Louis, USA). Signals were detected with Lumilight western blot substrate (Roche, Basel, Switzerland) and exposed to X-ray film (GE Healthcare, Buckinghamshire, UK). The signal intensity was quantified with ImageJ 1.43 G (NIH, Bethesda, USA).
Quantitative Polymerase Chain Reaction (PCR)
Total RNA was extracted from liver tissue using the RNeasy kit (Qiagen, Hilden, Germany). 2-5 mg of total RNA from each sample was used for cDNA synthesis using the First-Strand cDNA synthesis kit (Invitrogen, Carlsbad, USA). An equal amount (1 ng) of cDNA was used for each quantitative PCR reaction. PCR reaction mixture was prepared using Brilliant probe-based QPCR Master Mix kit (Agilent, Santa Clara, USA), probes (Universal Probe Library) and primers (Table S1 ). The reaction mixtures were incubated at 95uC, followed by 50 cycles of 95uC for 30 s, 50uC for 30 s and 72uC for 30 s in M63000P QPCR System (Stratagene, La Jolla, USA). Standard curve was generated using a serial dilution of a normal sample. Gene expression was normalized using hypoxanthineguanine phosphoribosyltransferase (HPRT) to compensate for errors when diluting the cDNA stock solution. The fold change was calculated with the gene expression using the liver tissue samples 1 h after LPS injection as reference sample.
Enzyme-linked Immunosorbent Assay (ELISA)
Serum IL-6 and TNF-a level were determined with commercial ELISA kits (R&D Systems, Minneapolis, US). All procedures were performed according to the instructions of the manufacturer. Measurements of the ELISA were performed in 96-well polysterene plates using an ELISA plate reader (Bio-Tek Instruments Inc., Winooski, VT, US) at 450 nm.
Statistical Analysis
All values were expressed as mean 6 SD. All statistical calculations were performed by using Sigma Stat (ver. 3.5.54; Systat Software GmbH, Erkarth, Germany). Groups of animals were compared employing Student's t-test in case of normal distribution of the data. If data were not normally distributed, the Mann-Whitney rank sum test was employed to compare sets of data in different experimental groups. A p-value below 0.05 was considered statistically significant.
Results
G-CSF Pretreatment Induces LBP Expression
To investigate the effect of G-CSF pretreatment on LBP expression, we tested LBP expression after G-CSF pretreatment.
To exclude the potential cross-reaction between LBP and BPI, we first analyzed the expression of LBP and BPI in different organs by quantitative PCR ( Figure 1A ). The BPI mRNA was highly expressed in testis, but was undetectable in other organs as described before [24] . In contrast, the LBP is expressed universally in most of the cells and organs except macrophages ( Figure 1A ). LBP IHC staining showed an increase of LBP protein expression in BMC after G-CSF pretreatment ( Figure 1B) . Consistently, a similar result was observed by quantitative PCR ( Figure 1C , p,0.001). Furthermore, both hepatic and serum LBP-protein levels were increased by about 3-fold as shown in Figure 1D -F. Due to the unique LPS binding ability of LBP, we hypothesized that LBP might play an important role in mediating the LPS induced inflammation and neutrophil infiltration.
G-CSF Induced LBP Expression Sensitizes to a Subsequent LPS Challenge
We demonstrated that G-CSF pretreatment induced LBP expression. Next, we assessed the LPS-response in animals, which presented with elevated LBP-levels after G-CSF pretreatment. The G-CSF induced LBP expression caused the death to a subsequent LPS challenge in 10/10 rats within 24 h. All control rats developed fever and showed signs of sickness behaviours, but survived after LPS administration (2 mg/kg). In contrast, in the G-CSF pretreatment group, all rats died within 6 h after LPS challenge (Figure 2A) . Therefore, we suspected that the mortality might be associated with the G-CSF induced LBP expression. To test this, we blocked LBP using LBP blocking peptide-LBPK95A in vivo, and found that blockade of LBP significantly increased the survival rate and prolonged the survival time (p,0.001). Moreover, the results of liver damage were paralleled with the survival data. As shown in Figure 2B , severe liver injury indicated by a highest serum AST levels was observed in G-CSF+LPS group at 6 h after LPS administration. In contrast, serum AST levels were significantly reduced in rats treated with LBP inhibitory peptide LBPK95A ( Figure 2B , p,0.005). The serum AST elevation, indicative of liver damage, was confirmed by the histological evaluation. Severe erythrocyte congestion, sinusoidal dilation and lymphocytes infiltration were present in liver tissues obtained from G-CSF+LPS group at 6 h after LPS injection ( Figure 2C ; Table 3 ). Pretreatment with LBP inhibitory peptide resulted in less liver damage, indicating that LBP blockade protected the liver against LPS induced injury. These data suggested that, G-CSF induced LBP expression in rats was associated with hypersensitization to LPS. 
G-CSF Induced LBP Expression Enhanced Hepatic Inflammation through Increasing Hepatic Uptake of LPS and Upregulating Expression of LPS Receptors
To explore the mechanism through which elevation of LBP caused LPS sensitization, we investigated hepatic uptake of LPS expression of LPS receptors. It is reported that LBP is responsible for LPS recognition and transfer of LPS to TLR-4 complex [25] . We hypothesized that the G-CSF induced LBP expression might accelerate the LPS transfer to the liver, which might associate with the expression of LPS receptors and the initiation of the inflammatory response. By performing LPS IHC staining, we found that the hepatic uptake of LPS was visible within 10 min after LPS injection (Figure 3 ). The intensity of LPS staining in G-CSF+LPS group was significantly higher than in LPS group throughout the observation period. Interestingly, the hepatic uptake of LPS was dramatically inhibited by LBP blockade (Figure 3 ). To determine whether the enhanced LPS binding in the liver was associated with the activation LPS receptors, we compared the mRNA expression of hepatic TLR-4, MD-2 and CD-14. We demonstrated that the mRNA levels of TLR-4, MD-2 and CD-14 were significantly increased in G-CSF+LPS group 1 h after LPS administration ( Figure 4A-C) . Furthermore, the expression of these LPS receptors was inhibited by LBP blockade, indicated by significant decrease of hepatic TLR-4, CD-14 and MD-2 mRNA levels. The increased expression of LPS receptors resulted in augmenting of the inflammatory response, indicated by release of inflammatory cytokines, such as TNF-a and IL-6. Consistently, the hepatic mRNA expression of these cytokines was significantly increased at 1 h and 6 h after LPS administration in G-CSF+LPS groups. Furthermore, animals that were treated with LBP-inhibitory peptide exhibited lower increase in hepatic TNF-a and IL-6 hepatic mRNA expression levels ( Figure 5A, B) . Strong correlation between the hepatic mRNA expression levels and serum levels was observed, although the serum TNF-a and IL -6 was only detectable at 1 h and 6 h, respectively ( Figure 5C, D) , Taken together, these findings suggested that the G-CSF induced LBP expression mediated LPS transfer to the liver and associated with the initiation of inflammatory response.
G-CSF Induced LBP Expression Associates with Hepatic Neutrophil Infiltration and Monocyte Recruitment into the Liver
The influx of neutrophils to the inflammatory site is considered to be an essential part of the host defence to infection. This drew our attention to explore three potential reasons: (1) G-CSF pretreatment induced neutrophil proliferation; (2) G-CSF pretreatment upregulated LBP expression in BMC, which was the main source of mature neutrophils (3) LBP might mediate early neutrophil infiltration in inflammatory response [26] . Therefore, we hypothesized that the neutrophil infiltration was LBP mediated. We analyzed the ASDCL positive stained cells for this purpose. In G-CSF+LPS group, an increased neutrophil infiltration was observed as early as 20 min after LPS injection ( Figure 6 ). The maximal effect was observed 50 min after LPS injection. At that point, the influx neutrophil number increased to about 6 fold over LPS group. The increase of neutrophil infiltration was LBP mediated. After blockade of LBP, the neutrophil infiltration was inhibited, indicated by a decrease in the influx cell number in G-CSF+LPS+LBPK95A group.
After arriving at sites of infection, neutrophils secrete cytokines and chemokines such as MCP-1 and macrophage inflammatory protein MIP-1a for monocytes recruitment [27] . In addition to the effect on neutrophil infiltration, we here also clarified whether monocytes recruitment was affected. We found that the hepatic mRNA and proteion expression levels of MCP-1 and MIP-1a was significantly increased in G-CSF+LPS group. In contrast, LBP blockade attenuated this effect of G-CSF pretreatment on monocytes recruitment (Figure 6B-D) . To confirm this, we detected the MCP-1 and MIP-1a levels in serum. As shown in Figure 6D , serum MCP-1 and MIP-1a levels were highly associated with the hepatic mRNA and protein expression. The expression of chemotactic protein led to monocyte recruitment. The monocyte recruitment was indicated by hepatic CD68 mRNA expression. G-CSF pretreatment increased hepatic CD68 mRNA expression at 6 h. However, CD68 mRNA levels were decreased after LBP blockade. Take together, these data suggested that G-CSF induced LBP expression contributed to early neutrophil infiltration, as well as monocyte recruitment.
Discussion
To the best of our knowledge, two independent findings were related for the first time in the present study. First observation: G-CSF induces LBP-upregulation and second observation: LBP upregulation sensitizes to a subsequent LPS-challenge. We demonstrated that G-CSF pretreatment sensitized to LPS, and this effect was mediated via upregulation of LBP. G-CSF pretreatment prior to the LPS-challenge caused an aggravated inflammatory response, severe hepatic damage and the death of the animals. Of note, the expression of inflammatory cytokines, liver damage and mortality was attenuated by blocking LBP using LBP inhibitory peptide, demonstrating the crucial role of LBPupregulation in the pathogenesis of SIRS. Furthermore, we provided evidence that LPS-sensitization and aggravation of the inflammatory response seemed to be related to the enhanced binding of LPS in liver. Our data suggested that G-CSF induced LBP expression could be used as a new model of LBP related sensitization to LPS.
There is growing evidence that LBP expression sensitizes to LPS. Our data confirmed that LBP-levels determined the severity of inflammatory response to LPS. LBP blockade in the sensitiza- tion models reversed this effect (Table 4) . Inflammatory response to LPS was reduced using an LBP inhibitory peptide [14] or an anti-LBP antibody respectively [15] . The same phenomenon was observed in two different models of LPS-sensitization: lack of LBP protected animals from galactosamine induced LPS-sensitization [14] . Similarly, animals were protected from galactosamine induced LPS-sensitization when applying an anti-LPS antibody prior to the LPS challenge [28] . Sensitization to LPS was also observed in wild-type mice after BDL and abolished in LBP-KO mice [4] . LBP blockade decreased hepatic injury and death following acetaminophen-induced liver injury [29] . Similar results were observed in hemorrhagic shock models, where the lack of LBP attenuated the hepatocelluar injury and inflammatory response in LBP-KO mice [30] .
These findings complement the perception that LBP acts as a soluble 'pattern-recognition molecule'. According to the pattern recognition theory, LBP transfers LPS to CD 14, and then triggers the inflammatory cascade though TLR-4 signalling pathway. Activation of the TLR-4 signal pathway initiates a cascade of events, including translocation of nuclear factor kappa B to the nucleus and leading to production and release of inflammatory cytokines [31] . In our experiment, G-CSF induced LBP expression was crucial for the enhanced LPS induced inflammatory response, indicated by the reversal of the effect when applying the inhibitory peptide.
We hypothesized that the sensitization to LPS may be mediated via enhanced LPS-binding in the liver. LPS uptake occurs mainly in the liver. Liver cells, such as Kupffer cells, hepatocytes and sinusoidal endothelial cells can uptake circulating LPS, both after ex-vivo exposure to LPS and in-vivo following LPS injection [32] [33] [34] . Our results confirmed that the liver is involved in LPS-uptake. We demonstrated, that upregulation of LBP was observed in liver after G-CSF pretreatment. Compared to control animals, upregulation of LBP in the liver was associated with an enhanced and rapid hepatic uptake of LPS and a massively enhanced inflammatory cytokines expression. These findings further confirmed that LBP acted as major mediator for recognition of LPS and initiation of the inflammatory response in the liver.
LBP expression was induced by G-CSF pretreatment. G-CSF is a hematopoietic cytokine that acts on neutrophil proliferation and differentiation. It is widely accepted to use G-SCF in neutropenic patients at high risk for infection and sepsis to enhance the host immune defence [35] . G-CSF was also evaluated in clinical trials for treatment and prophylaxis of sepsis, but no clear benefit was shown [21] . We hypothesized that the G-CSF pretreatment might not only facilitate neutrophil differentiation, but also augment the expression and eventually the release of LBP from neutrophils and liver tissue. We previously observed that G-CSF pretreatment increased hepatic LBP expression [18] . Here we confirmed and extended these observations. We found that G-CSF pretreatment upregulated both LBP-expression in bone morrow cells and increased LBP levels in serum.
Induction of LBP can have two effects. Our data suggested that the G-CSF induced LBP-expression could cause sensitization to LPS, indicated by increased hepatic uptake of LPS and an enhanced inflammatory response. However, our literature analysis revealed that LBP was also involved in the efficient elimination of bacteria, e.g. Kang K et al found that LBP deficient mice showed delayed neutrophils influx in case of a peritoneal infection [26] . This led to the conclusion that LBP might have a dual role: augmenting the inflammatory response to bacterial toxin such as LPS, and contributing to bacterial elimination via associate neutrophil infiltration. These two functions might help to explain that determination of LBP levels alone was not useful as biomarker of the severity of sepsis. It might also help to explain that G-CSF treatment in septic patients with an unknown level of circulating LPS may lead to controversial results.
In summary, G-CSF induced LBP expression could serve as a new model for investigation of LPS sensitization. G-CSF-induced LBP sensitization is mediated via an enhanced binding of LPS in the liver. Increased sensitivity to LPS after G-CSF treatment might help to explain the controversial results observed after G-CSF treatment in septic patients. Figure S1 Grading of semi-quantitative scoring system for histological evaluation. Different Severities of sinusoid dilation and erythrocyte congestion in the semi-quantitative scoring system were indicated using pictures from H&E staining. (TIF) 
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